ABSTRACT: Several genome-wide scans have been performed to detect loci that regulate BMD, but these have yielded inconsistent results, with limited replication of linkage peaks in different studies. In an effort to improve statistical power for detection of these loci, we performed a meta-analysis of genome-wide scans in which spine or hip BMD were studied. Evidence was gained to suggest that several chromosomal loci regulate BMD in a site-specific and sex-specific manner.
INTRODUCTION
O STEOPOROSIS IS A common disease characterized by reduced BMD and an increased risk of fragility fractures that account for considerable morbidity and mortality and significant health care costs in developed countries.
(1) BMD is one of the most important clinical predictors of osteoporotic fracture risk, (2) and evidence from twin and family studies suggests that between 50% and 85% of the variance in BMD is genetically determined. (3) (4) (5) Polymorphisms have been identified in many candidate genes that have been associated with BMD or osteoporotic fractures. (6) Few of these have been validated with large-scale evidence, however, (7) and those that have account for only a small proportion of the genetic contribution to BMD and susceptibility to osteoporotic fractures. (8) Genetic influences are thought to contribute mainly to the acquisition of peak bone mass, occurring in young adulthood. (9) While some investigators have reported that bone loss may be genetically determined, (10) others have found no evidence for genetic effects on bone loss, (11) even though there is good evidence that bone turnover is genetically determined. (12) Many genome-wide linkage searches for quantitative trait loci (QTLs) that regulate BMD have been performed, but few of these studies have identified loci that meet the criteria for genome-wide significance, and there has been limited replication of linkage peaks between studies. (13) The difficulty in detecting significant linkage to BMD despite its high heritability may be caused by many factors. Many of the genome-wide scans for BMD have enrolled large numbers of individuals, However, BMD, like other complex traits, is thought to be regulated by many genes, each with modest effect sizes and the interaction of these genes with multiple environmental factors. Such effects are difficult to detect even with studies of several thousand individuals. (14) Other factors that could contribute to the lack of replication include differences in the design and enrollment criteria and true genetic heterogeneity between study populations.
A meta-analysis can improve the power to detecting linkage, especially if sample size is a factor in explaining the differences between single studies. Moreover, given the debate about the apparent inconsistency of the observed results across genome-wide linkage scans, it is interesting to test the extent of heterogeneity across these studies. Here, we present the results of a collaborative meta-analysis of genome-wide linkage searches for BMD. We have applied methods that evaluate both the overall evidence for linkage to specific chromosomal regions (15) and the diversity of linkage across studies. (16, 17) We also tried to explain this diversity with separate analyses for different skeletal sites and subgroup analyses for men and women, in view of emerging evidence that suggests that the loci that regulate BMD do so in a site-and sex-specific manner in both humans and experimental animals. (18) (19) (20) 
MATERIALS AND METHODS

Eligible genome-wide searches
We considered genome-wide searches where lumbar spine (LS) or femoral neck (FN) BMD had been measured by DXA. We did not consider studies or subsets of studies where data were derived only for specific chromosomal regions, such as candidate locus linkage studies.
We searched PubMED (last search updated August 2005) using "osteoporosis," "bone mineral density," "genome search," and "scan." We also perused the bibliography of identified articles and relevant reviews. Identified studies were scrutinized for eligibility and potential overlap of study populations. In the event of overlap, only the largest study was used to avoid duplication of data. We communicated with the principal investigators of each study and invited them to contribute data to the meta-analysis. We assembled relevant information on study design and enrollment criteria, ethnicity, the number of families and individuals studied, the skeletal sites evaluated, details of age and sex, the number of markers studied, and details of covariates that had been included in linkage analysis for the individual studies. The meta-analysis was restricted to autosomal loci for spine BMD or hip BMD.
Genome search meta-analysis and testing for between-scan heterogeneity
Data from the individual genome scans were combined using the genome search meta-analysis (GSMA) method as previously described. (15, 21, 22) Using this approach, which is the standard method for conducting a meta-analysis of genome-wide scans, the genome is divided into 120 regions (bins) of ∼30 cM in size using a defined set of markers. (15) By convention, the bins are identified using the chromosome number and the number of the bin in that chromosome (e.g., "bin 7.5" is the fifth bin of the seventh chromosome). We recorded the maximum multipoint LOD score observed in each bin, ranked the LOD scores according to their magnitude, and assigned the highest rank to the highest LOD value. Ties were handled by ascribing the same rank to all bins with tied scores. A Monte Carlo test was used to estimate the statistical significance p rank of the summary ranks or average ranks (summary ranks divided by number of scans) for each chromosomal region across all available genome-wide searches. (15) A bin that has very high ranks in all scans will tend to have a very high average rank, whereas a bin with very low ranks in all scans will have a very low average rank. The p ord statistic shows the probability of observing such an average rank by chance in bins that occupy that order. (22) This conveys information on whether a bin with kth order has a high or low average rank given its order. While various densitometers were used in the different genome-wide scans, individual studies used a single measurement device or devices that were crosscalibrated. (23) In view of this, the results are not confounded by the fact that different measurement devices were used in different studies
As previously described, (16, 17) we evaluated three heterogeneity metrics (Q, Ha, and B), which estimate the diversity in the ranks of each chromosomal region across genomewide searches. The statistical significance of these heterogeneity metrics was tested against Monte Carlo test distributions using permutations of the ranks of each scan and allowing also for ties. (17) Analyses of statistical significance for heterogeneity were performed using two different approaches. (17) First, we estimated whether the observed between-scan heterogeneity is significantly high or significantly low regardless of the observed average rank of the tested chromosomal region (unrestricted analysis). Second, we estimated whether the observed between-scan heterogeneity is significantly high or significantly low restricting the analysis to bins with similar (±2) average ranks. (17) The rationale for this second approach is that the observed heterogeneity metrics depend on each bin's average rank. We differentiated significantly low between-scan heterogeneity, where genome-wide searches generally agree in the relative rank of a bin, from significantly high between-scan heterogeneity, where large differences exist in relative rank of a bin between studies. Inferences on the presence of either low or high between-scan heterogeneity were based on onesided tests (p < 0.05 for left-or right-sided testing, respectively). It should be noted that heterogeneity tests may be underpowered when only few studies are available. All Monte Carlo analyses were run using both weighted and unweighted methods. The former calculations weighted each scan by the square root of individuals genotyped in each study. For average ranks, formal statistical significance was tested at the ␣ ‫ס‬ 0.05 level. This is a liberal level and does not take into account the possibility of multiple comparisons. Accounting for all 120 bins gives a threshold for genome wide significance of p Յ 0.00042, (22) although it should be noted that this is a conservative threshold, because the bins are interdependent. Given that genome-wide approaches are exploratory, we present p values here without further adjustment, acknowledging the potential for higher type 1 error. Analyses used the HEGESMA software (16) with 10,000 replications. Inferences on average rank and presence of between-scan heterogeneity are onetailed, unless otherwise specified.
Skeletal site analyses and sex subgroup analyses
Each participating team provided data on the maximum LOD scores in each bin for each of the following analyses: First, all analyses were performed separately for LS BMD and FN BMD. Analyses were performed for both sexes combined. Second, for each skeletal site, analyses were performed for men and women separately.
In studies where sex-specific analysis had not been performed as part of the original genome-wide scan, investigators provided an additional analysis according to sex for the purpose of the meta-analysis. These study-specific unpublished data are available on request.
We examined whether the identified bins with significant average rank overlapped between the two skeletal sites and between the sexes for each site. We also estimated the Spearman rank correlation coefficients for the average weighted ranks across all 120 bins in LS versus FN (all subjects), men versus women in LS, and men versus women in FN.
RESULTS
Eligible studies
Relevant details from the studies that were included in the analysis are summarized in Table 1 . Of the 11 genomewide search articles on BMD that were identified, (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) we excluded a study in which only forearm BMD was measured (32) and another that used a composite phenotype in which information on BMD and fracture were combined, (33) because these could not be combined quantitatively with the other studies. Eight of the nine studies included analyses of LS BMD and six included analyses of FN BMD (five included analyses of BMD at both sites). Seven studies included populations of primarily European white ancestry; one included subjects of Mexican-American ancestry (27) ; and one included a subset of families (n ‫ס‬ 83 individuals) of black descent. (31) Overall 3045 families with 11,842 subjects were analyzed.
The methods of recruitment varied between studies. Three studies focused on analysis of families where the proband had low BMD values or a clinical diagnosis of osteoporosis. (26, 28, 29) In another study, families were enrolled because the proband had low BMD (54 families), but a few families were enrolled where the proband had normal BMD (3 families), and others were enrolled because the proband had high BMD (25 families). (24) In other studies, families were recruited where the probands were unselected with regard to BMD values. (25, 27, 29, 31, 34) The mean age of the study populations varied between 34 and 61 years of age, and the number of markers used in the genome scans varied between 270 and 1008. Five of the nine data sets included both male and female subjects in their original published analyses. For all these five data sets, investigators also provided separate data for sex-specific LOD scores. In all, we analyzed data on a total of 3670 men and 8002 women (LS analyses: 3411 men and 7741 women; FN analyses: 2902 men and 4179 women).
LS BMD
For LS BMD, eight chromosomal regions had a statistically significantly high average rank in the weighted analysis as summarized in Table 2 and Fig. 1 . The lowest p values for average rank were seen for bin 1.6 (p ‫ס‬ 0.004) and bin 3.2 (p ‫ס‬ 0.006). The ordered rank statistic was not formally significant for any of the bins with high average ranks. The (24) Shen S2 (25) Karasik S3 (26) Devoto S4 (27) Kammerer S5 (28) Ralston S6 (29) Wilson S7 (29) Wilson S8 (31) Peacock S9 (34) 
Koller
Skeletal sites
Lumbar spine 49 (16) 61 (13) 47 (16) 43 (16) 48 (16) 48 (16) 59 (16) 35 (11) 34 (7) Sex ( Other adjustments included alcohol and caffeine intake, smoking, physical activity, and estrogen use in women for study 2; ethnicity for study 3; physical activity for study 4; and race for study 8. NPL, nonparametric linkage; BMI, body mass index; F, female; FN, femoral neck; LS, lumbar spine; M, male; Mex, Mexican American.
results were similar in unweighted analysis, with the exception of bins 18.1 and 11.4, where the p values fell outside the threshold for significance (p ‫ס‬ 0.055 and p ‫ס‬ 0.102), and bin 6.4, which was not significant in the weighted analysis (p ‫ס‬ 0.069) but was significant in the unweighted analysis (p ‫ס‬ 0.019).
Of the regions with high average rank, bin 1.6 showed evidence of significantly high heterogeneity (left-sided p Ն 0.95, i.e., right-sided p < 0.05) across the studies after accounting for its average rank. This region had been in the top 10% of five studies and had achieved good ranks in another two, but the LOD was zero in one study. (24) Conversely, for bin 18.2, there was low heterogeneity (left-sided p ‫ס‬ 0.01 or less for all three metrics) even when we accounted for the high average rank. Bin 18.2 was never in the top 10% in any study, but it was always in the top 50% of ranks across all studies.
FN BMD
For FN BMD, seven chromosomal regions yielded a high average rank in weighted analysis as summarized in Table 3 and Fig. 1 . The results were similar in unweighted analysis, with the exception of bin 14.3, where the p value fell outside the threshold for significance (p ‫ס‬ 0.095). The lowest p values in weighted analysis were seen for bins 9.5 (p ‫ס‬ 0.002) and 14.2 (p ‫ס‬ 0.003). Interestingly, bin 9.4, immediately adjacent to bin 9.5, was also identified as having a significantly high average rank (p ‫ס‬ 0.022). The ordered rank statistic was not statistically significant for any of the regions with high average rank, except for bin 14.2.
None of the chromosomal regions with high average rank for FN BMD had evidence of significantly high heterogeneity across the combined data sets in weighted analyses, regardless of whether analyses were rank-restricted or not. Bin 14.2 had high heterogeneity when its average rank was taken into account but only with the Ha statistic. For bins 9.5 and 17.2, there was evidence for significantly low heterogeneity both in unweighted and weighted analyses with the rank-unrestricted approach; heterogeneity was not significantly low once the average rank of these bins was taken into account.
Comparison of skeletal sites
There was no overlap in the bins that yielded statistically significant results in terms of average rank between FN BMD and LS BMD, but the overall distribution of average ranks for all 120 bins showed a modest correlation between the two skeletal sites, reflected by the fact that the Spearman correlation coefficient for the weighted average ranks for LS and FN BMD was 0.32 (p < 0.001; Fig. 2 ). 
Gender subgroup analyses
Subgroup analyses for men and women highlighted a number of different chromosomal regions for each sex, both for LS and FN BMD ( Table 4) . The results for weighted and unweighted analysis were broadly similar. Heterogeneity signals were uncommon for either low or high heterogeneity. There was no overlap in the bins with high average rank across sexes, with the exception of bins 3.2 and 15.2, where high average ranks were seen for both sexes. However, even then, these signals pertained to a different skeletal site in men and women.
Most of the bins that had been identified as having significantly high average ranks in the combined-sex analyses also gave a signal for one sex (1.6, 1.9, 3.2, 6.4, 9.4, 11.3, 12.6, and 17.2). However, the bin with the lowest p value for average rank in the overall analysis (9.5 for femoral neck) gave no significant signal in either sex subgroup. The bin that gave the lowest p value for average rank in a sex subgroup analysis (bin 6.4, p ‫ס‬ 0.001 for men, LS in weighted analysis) also yielded a significantly high average rank in the overall analysis for the same skeletal site. However, the other three bins with p values <0.005 in the sex subgroup analysis (6.5, 15.2, and 17.1) gave no signal in the overall analysis.
There was no concordance between the weighted average ranks for men and those for women either at the LS or at the FN (data not shown).
Details of LOD scores from individual studies for the regions that gave significant results for average rank at a p value of 0.01 or less in the weighted analyses are summarized in Table 5 , which shows that none of the loci identified reached the threshold for genome-wide significance within individual studies. LOD scores exceeded the threshold for suggesting linkage for some studies within bins 1.6 (3.08, study 9), 6.4 (LOD 2.25, study 8), 3.1 (LOD 3.29, study 1), and 17.1 (LOD 2.74, study 3).
DISCUSSION
This collaborative study has identified several chromosomal regions that are likely to contain genes that regulate the heritability of BMD in men and women. There was little overlap between loci that were identified as potentially containing regulators of FN BMD and LS BMD in the metaanalysis. This is in agreement with the results of individual genome-wide scans, which generally have shown little overlap between QTLs for regulation of BMD at the spine and hip. (13) However, there was correlation in the ranks of different bins between the two skeletal sites when all bins were considered. This is consistent with a framework whereby the genes that regulate BMD do so partly in a site-specific manner, although some genes may also exist with effects on both skeletal sites. The relative proportion of site-specific and -nonspecific effects requires further study. In subgroup analyses, the bins with the most significant results were also different in men and women. This suggests that sex-specific effects play prominent roles in regulating BMD in humans, (20) as they do in animals. (18, 19) The mechanisms by which certain genes exert differential effects on BMD in different sexes and at different skeletal sites is currently unclear, but environmental interactions might provide a possible explanation. For example, recent studies have shown that rare mutations of the LRP5 gene affect bone mass similarly in both sexes, but that common polymor- 
FIG. 2.
Correlation between the weighted average ranks across all 120 bins for femoral neck vs. lumbar spine. Plots of unweighted average ranks are similar (data not shown).
phisms are particularly associated with BMD in men. (35, 36) The LRP5 pathway has also been suggested as a mediator of the effects of mechanical loading in the skeleton. (37) Because men typically are more physically active than women, this could provide a potential reason for the greater effect of LRP5 alleles in men. Interactions with mechanical loading or other environmental factors could potentially account for the sex-and site-specific effects observed in this study, but additional research will be required to clarify this issue.
Low power and high false discovery rates are potential problems for genome-wide linkage scans for common diseases, (38) and genuine phenotype heterogeneity adds further difficulty to the detection of loci for these conditions. For most common diseases, replication of linkage peaks has been extremely poor across different studies. (39) Metaanalysis can potentially improve power by increasing sample size and allowing detection of QTLs of modest effect size that are below the threshold for significance in individual genome scans. Another benefit of meta-analysis is that the large sample size allows for subgroup analyses that might theoretically help to dissect out the causes of genetic heterogeneity. To our knowledge, this is the largest meta-analysis of genome-wide searches for any disease where data have been available directly from the investigators of each scan. It is also the first such application where subgroup analyses have been possible with such large-scale evidence. Another meta-analysis of published data from genome-wide scans for BMD has recently been published. (40) This identified some of the regions reported in this study, but other loci were detected that did not feature in this study. These differences are likely to be because of the fact that we had access to all the linkage data for each region, whereas in the previous study, the investigators could only report on linkage peaks that were reported in the original papers. Because reporting of linkage peaks varies markedly between studies, this study gives a more accurate synthesis of data across studies and also provides information on sex-specific effects that have not been previously reported.
Despite the fact that we analyzed data on >11,000 participants, the signals that we obtained did not reach ge- * For heterogeneity testing, significantly low heterogeneity is given by the minus sign and significantly high heterogeneity is given by the plus sign; the number of signs corresponds to how many of the three heterogeneity statistics give significant results.
FN, femoral neck; LS, lumbar spine.
nome-wide statistical significance, although many more loci were identified that would have been expected by chance. Therefore, it is clear that many of the regions identified contain genes that regulate BMD, although inferences in the significance of individual peaks should be made with caution. Several of the site-and sex-specific findings in particular may still be caused by type 1 and 2 errors, but false discovery rates are likely to be reduced compared with single studies. The results presented here emphasize the challenge faced by investigators who seek to identify chromosomal regions and genes that regulate susceptibility to complex traits such as osteoporosis, even when large numbers of subjects are studied. The potential reasons for lack of consistency between major linkage peaks in different studies are many but could be caused in part by the fact many of the scans included subjects over a wide age range, whereas others were restricted to younger individuals who had attained peak bone mass. Further meta-analysis of individual level data represents a possible way to resolve these issues, (41) although this was beyond the scope of this study.
There is extensive evidence to suggest that peak bone mass is strongly heritable, (42) whereas the evidence for a genetic effect on age-related bone loss is controversial. (10, 11) The inclusion of older subjects could have impaired our ability to detect loci that regulate peak BMD, even though age was included as a covariate in most of the studies presented here. Several investigators who took part in this study have previously reported that stratification of subjects on the basis of age identifies linkage peaks that are mostly distinct from those obtained by variance component modeling with inclusion of age in the linkage model. (27, 28, 43) Notwithstanding these caveats, some identified chromosomal areas should be discussed for further illustration. Among several regions implicated in LS BMD regulation, bin 1.6 showed the highest average rank. However, the results were heterogeneous across studies. This bin also gave a significant signal in women but not men. This is an example where our approach identified heterogeneity and also offers a potential explanation in that the genes contained within bin 1.6 may exert sex-specific effects.
Chromosome 3 also yielded interesting signals. Bin 3.2 was on the list of significant average ranks overall and for the female subgroup in the LS analyses. Moreover, the neighboring bin 3.3 (61-90 cM) gave the highest LOD scores in the two separate scans on women, (29) and thus, 3.1 gave a significant signal in the female subgroup metaanalysis. A microsatellite marker close to the parathyroid receptor 1 (PTHR1) gene within this genomic region was also linked to LS BMD by researchers who studied a subgroup of participants from the FAMOS study. (44) Moreover, other investigators recently reported evidence of an association between a polymorphism in the promoter of PTHR1 gene and FN BMD in young women. (45) In view of this, the 50-to 70-cM region in chromosome 3 requires more thorough investigation. Bin 18.2 had not been originally pinpointed by any of the previous single studies, but the rank for LS BMD was consistently high in all studies. Between-study heterogeneity was significantly low. A neighboring region (bin 18.1) also had a significantly high average rank. Interestingly, the same chromosome 18 region was also found to have a high linkage signal (maximum at 11 cM) in another genomewide linkage search, (33) where the evaluated phenotype was a combination of LS BMD and vertebral fractures. In that same study, (33) there was no linkage with FN BMD, and this was also true in our meta-analysis.
For FN BMD, the highest average rank was found for bin 9.5, and the adjacent 9.4 also showed significant results for the average rank. Therefore, it may be useful to focus further work in the vicinity of 110-130 cM on chromosome 9. The region ranked high in almost all scans, and in the Framingham study, where a subgroup analysis was performed by sex and age group, (43) the highest LOD was observed in the middle of the two bins at 120 cM (marker D9S930).
The linkage of bin 17.2 with FN BMD was identified only through the meta-analysis: its ranks were consistently high across previous studies but not so high to be identified in any single study. It was also formally significant in the female subgroup analysis. In another genome-wide linkage study but with a combined BMD/fracture phenotype, (33) the same region also had a LOD peak of 2.02. Interestingly, this region contains the COLIA1 Sp1 polymorphism, which has been found to be associated with BMD in the GENO-MOS study, involving >20,000 subjects from various European countries. (8) It should be acknowledged that there was some overlap with this study in the sense that one subject from each family in the FAMOS cohort (n ‫ס‬ 715) was analyzed as part of GENOMOS. However, because the results from FAMOS were based on linkage compared with the association approach used in GENOMOS, the actual overlap is minimal. It remains to be determined, however, whether this single nucleotide polymorphism (SNP) contributes to the linkage signal in this chromosomal region. Another gene that had proposed in early years as a major regulator of bone mass, the vitamin D receptor (VDR), is located at locus 12q12-q14, where we found no linkage signal. In concordance with this finding, the large-scale association analysis of GENOMOS recently found no effect of VDR on BMD. (46) An important strength of this collaborative meta-analysis was that the original data were contributed by the participating teams, which allowed for consistent data synthesis. This may explain why we generally saw little evidence of high residual between-study heterogeneity after accounting for skeletal site and sex. Despite this, the participating teams used different recruitment criteria, study designs, and proband definitions, and because of this, we may have missed some sources of heterogeneity. For example, there is evidence that genetic effects on BMD can differ across age groups and that these differences are not adequately captured by simply entering age into the linkage model. (27, 28, 43) We did not perform separate analyses according to age group or separate pre-and postmenopausal women because this information was not available for all the participating studies. Ethnic differences are also a potential issue, but this is likely to be less important in this study where >98% of the analyzed individuals were of white descent.
Acknowledging these caveats, the collaborative metaanalysis reported here provided replication for several QTLs identified in previous genome-wide scans and identified a novel QTL that had not been picked up by individual studies. Overall, these data suggest that the significant QTLs identified contain genes that regulate BMD, and in agreement with previous reports, our analysis supports the hypothesis that these genes regulate BMD in a site-and sex-specific manner. Identifying these genes remains challenging, but is likely to be facilitated by technical advances in haplotype analysis (47) and the availability of increasingly dense maps of SNPs that may be targeted at areas suggested by the meta-analysis.
